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NMR measurements of intrinsic spin susceptibility in LaFeAsO0.9F0.1
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We will probe the intrinsic behavior of spin susceptibility χspin in the LaFeAsO1−xFx super-
conductor (x ∼ 0.1, Tc ∼ 27 K) using
19F and 75As NMR techniques. Our new results firmly
establish a pseudo-gap behavior with ∆PG/kB ∼ 140 K. The estimated magnitude of χspin
at 290 K, χspin ∼ 1.8 × 10
−4 emu/mol-Fe, is approximately twice larger than that in high Tc
cuprates. We also show that χspin levels off below ∼50 K down to Tc.
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1. Introduction
Those who worked in the research field of copper-
oxide high temperature superconductors in the 1980’s
are astonished by the fast pace of research into new iron-
pnictide superconductors.1–7 There is no doubt that pro-
liferation of sophisticated commercial equipment around
the world, such as SQUID magnetometers, is contribut-
ing to the fast progress. However, certain aspects of
condensed matter research hardly change over time. A
prime example is the difficulty in determining the intrin-
sic temperature dependence of spin susceptibility, χspin,
in transition metal composites, especially at low temper-
atures. χspin is one of the most fundamental and im-
portant physical properties of solids, including strongly
correlated electron systems. Nonetheless, SQUID mea-
surements of bulk-averaged magnetic susceptibility χbulk
alone often results in misleading conclusions. Note that
χbulk is the summation of many different contributions
averaged over a sample,8–10
χbulk = (χspin+χorb+χdia)+(χdefect+χimpurity), (1)
where χorb and χdia represent the paramagnetic orbital
(or Van Vleck) contribution and diamagnetic contribu-
tion, respectively. Generally, these two terms are tem-
perature independent, but often affect interpretation of
χspin when the magnitude of χspin is comparable to or
less than these terms. This is often the case in 3d tran-
sition metal composites, including high Tc cuprates.
11, 12
χdefect and χimpurity represent extrinsic contributions
from defect spins within the target material and impurity
phases, respectively. Separating all these different contri-
butions is not an easy task. In particular, χimpurity could
be quite large in the iron-pnictide superconductors, and
a trace amount of contamination by ferromagnetic im-
purity phases completely ruins the SQUID data. This
explains the dearth of experimental reports on the para-
magnetic properties of iron-pnictide superconductors to
date.
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NMR (Nuclear Magnetic Resonance) Knight shift K
measurements are suited to overcoming these difficulties.
In general, one can express K as10–13
K(T ) = Kspin(T ) +Kchem, (2)
Kspin(T ) =
∑
i
Aihf
NAV µB
χispin(T ), (3)
where Kspin(T ) is the spin contribution to K at temper-
ature T , NAV is the Avogadro’s number, and Kchem is
the chemical shift arising from the motion of electrons.
This term is associated with χdia and χorb, and is tem-
perature independent. (Kchem is sometimes represented
as the Van Vleck term KV V or the orbital term Korb un-
der certain contexts). When we conduct NMR measure-
ments, we apply an external magnetic field Bext, which
polarizes both nuclear and electron spins through the
Zeeman interactions. The degree of electron spin polar-
ization is proportional to χspin. The polarized electrons
then interact with nuclear spins through hyperfine in-
teractions. In Eq.(3), Aihf represents the hyperfine in-
teractions10, 14 between observed nuclear spins (e.g. 19F
nuclear spins) and surrounding electron spins (e.g. 3d
electrons in FeAs layers). Since Aihf is a temperature in-
dependent constant, one can detect the intrinsic temper-
ature dependence of χspin through that of Kspin. The su-
perscript i is attached to distinguish contributions from
different sources of χispin. For example, the presence of
two different types of Fermi surfaces15 with electron and
hole-like characteristics may lead to two separate contri-
butions to χispin, in analogy with the case of Sr2RuO4.
16
In addition, in RFeAsO1−xFx (where R represents rare
earth Nd, Sm, La etc.), large dipole fields from rare earth
magnetic moments may also contribute to Kspin in ad-
dition to intrinsic contributions from FeAs layers. In the
present study, we choose LaFeAsO0.9F0.1 to avoid con-
tributions from magnetic moments of Nd etc.
A major advantage of Knight shift measurements is
that nuclear spins act as a local probe. For example, for
the sake of argument, let’s assume that 5% of the vol-
ume of a LaFeAsO0.9F0.1 sample consists of an impurity
1
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phase with a large magnetic susceptibility. Since nuclear
spins within LaFeAsO0.9F0.1 sample have negligible in-
teractions with electrons in such an impurity phase, the
19F NMR Knight shift would be unaffected by the im-
purity spins. This consideration alone would motivate
the NMR resonators to venture into the research field
of iron-pnictide superconductors, and in fact many res-
onators dove into the new arena. As explained in detail
below, however, accurate measurements ofK in polycrys-
talline samples turned out to be more challenging than
resonators expected.
If the measurements of intrinsic χspin and K are so
tricky, why should we bother to measure them? At the
outbreak of research into iron-pnictide superconductors
earlier this year, the first question we asked to ourselves
was, does LaFeAsO1−xFx show evidence for electron-
electron correlations? Given that Fe is an itinerant fer-
romagnet and FeAs is an itinerant antiferromagnet,17
it would be natural to speculate on the presence of
strong electron-electron correlations in superconducting
LaFeAsO1−xFx, too; if that is indeed the case, the super-
conducting mechanism may be quite exotic. For example,
if ferromagnetic spin correlations are strong and electron
spins tend to line up, perhaps the spin-triplet, orbital p-
wave symmetry18 may be favored by the Cooper pairs
below Tc. On the other hand, the undoped parent phase
LaFeAsO shows SDW (Spin Density Wave) order with a
large wave vector q,19 and antiferromagnetic correlations
may remain in the carrier-doped superconducting phase.
In such a scenario, the spin-singlet, orbital d-wave sym-
metry18 may be favored instead, in analogy with high Tc
cuprate supercondcutors. Or, perhaps, both ferromag-
netic and antiferromagnetic spin correlation effects may
be present, in analogy with Sr2RuO4.
16, 20 In any case,
χspin should provide valuable insight into the nature of
electrons in the normal state above Tc and clues to the
superconducting mechanism. We set out to address this
important issue using 19F NMR spectroscopy.21
In this invited paper, we will describe the basic con-
cept as well as the standard procedures of NMR Knight
shift measurements using the LaFeAsO0.9F0.1 supercon-
ductor (Tc = 27 K) as an example. We will proceed in
a somewhat pedagogical manner so that non-experts in
NMR could gain a sense on how resonators carry out
NMR measurements and interpret the Knight shift data.
Our new 19F as well as 75As Knight shift data confirm
our initial report,21 and firmly establish the pseudogap
behavior of LaFeAsO1−xFx superconductors. The rest of
the paper is organized as follows. In section 2, we de-
scribe the basics of NMR techniques, and explain why
measurements of the 19F NMR Knight shift, 19K, can
be advantageous over NMR measurements of other nu-
clei. In section 3, we present the 19K data and discuss the
implications. In section 4, we compare 19K with the 75As
NMR Knight shift, 75K. Section 5 is the summary and
future outlook. The measurements of the Knight shift
below Tc is beyond the scope of the present paper, and
we refer readers to our recent 75K measurements in sin-
gle crystal BaFe1.8Co0.2As2 (Tc = 22 K): In that work,
we demonstrated that 75K decreases below Tc for both
c- and ab-axes orientations, and thereby proved the con-
Table I. Properties of NMR active nuclei in LaFeAsO1−xFx. The
units of γn/2pi are MHz/Tesla. NA represents the natural abun-
dance. The fourth entry is the NMR intensity relative to the
equal number of proton 1H nuclear spins in the same magnetic
field Bext.
Nuclei Spin I γn/2pi NA (%) Intensity
139La 7/2 6.0144 99.9 5.9× 10−2
57Fe 1/2 1.3758 2.19 3.4× 10−5
75As 3/2 7.2919 100 2.5× 10−2
17O 5/2 5.772 3.7× 10−2 2.9× 10−2
19F 1/2 40.0541 100 0.83
sistency with singlet pairing scenarios.22
2. Why 19F NMR?
In NMR measurements, we place our sample in a static
external magnetic field Bext, and apply radio frequency
(r.f.) pulses to excite nuclear spins in the sample. The
r.f. frequency f of the pulses is tuned with the Larmor
frequency of the nuclear spins, f ∼ γnBext, where γn is
the nuclear gyromagnetic ratio of the particular nuclei of
the interest. The r.f. pulses induce spin echo, which re-
sults from coherent Larmor precession of the nuclear spin
ensemble in Bext. These spin echoes produce inductive
voltage signals in the NMR coil. The NMR signal inten-
sity is typically of the order of microvolts, and depends
on the magnitude of nuclear moments being observed.
In principle, one can excite and observe NMR sig-
nals from 139La, 57Fe, 75As, 17O, and 19F nuclei in
LaFeAsO1−xFx. The key properties of these NMR ac-
tive nuclei are compared in Table I. One crucial fact to
notice is that γn is different for different nuclei, hence so
is the resonance condition f ∼ γnBext. In other words,
if we apply a constant magnetic field Bext to our sam-
ple and search NMR signals by scanning the frequency,
19F and 75As NMR peaks appear at different frequencies
(19f > 75f), and therefore we can observe them sep-
arately. Alternatively, we may fix the experimental fre-
quency f , and scan Bext to search NMR signals;
19F and
75As NMR signals appear separately when Bext ∼ f/γn
is satisfied for each of them (19Bext <
75Bext).
Each nuclear spin interacts with surrounding electrons
through electron-nucleus hyperfine interactions.10, 14 Hy-
perfine interactions are highly local, hence the NMR
signals from solids reflect the local electronic properties
where the particular nuclear spins are located. In other
words, we can use nuclear spins at different locations in
the unit cell to ”look into” different parts of the elec-
tronic structure in a complicated structure of solids.
Since the natural abundance of 57Fe and 17O is very
low, NMR experiments on these nucei are rather difficult
unless we enrich the sample with costly isotopes (one en-
riched sample may cost up to several thousand dollars).
This leaves 139La, 75As, and 19F as candidates for our
NMR investigation. However, 19F has a major advantage
over 139La and 75As in observing the intrinsic behavior
of χspin with high accuracy and relative ease: namely,
the nuclear spin of 19F is I = 12 .
In order to understand why NMR measurements on
I = 12 nuclei are suited for an accurate determination of
J. Phys. Soc. Jpn. Full Paper Author Name 3
χspin, we express the NMR frequency f in a high mag-
netic field Bext as
10, 23
f = fo+∆f = (1+K)γnBext+ν
(1)
Q (θ, φ)+∆ν
(2)
Q (θ, φ,Bext).
(4)
where fo = γnBext is the bare NMR frequency in the
absence of hyperfine interaction between nuclear spins
and the surrounding environment in a given crystal
structure. ∆f = KγnBext + ν
(1)
Q + ∆ν
(2)
Q represents
the resonance frequency shift under the presence of hy-
perfine interactions, arising from the Knight shift K,
first order quadrupole contribution ν
(1)
Q , and second order
quadrupole contribution ∆ν
(2)
Q . θ and φ are polar angles
between Bext and the main principal axis of the EFG
(Electric Field Gradient) tensor at the position of the
observed nuclei. To determine the Knight shift K, we
need to measure ∆f , then subtract the quadrupole con-
tributions.
As explained in section 4 using the case of 75As NMR
as an example, the quadrupole contributions ν
(1)
Q and
∆ν
(2)
Q are often orders of magnitude larger than that of
K. Accordingly, proper estimation of K often requires
tricky and cumbersome procedures. However, for I = 12 ,
the nuclear quadrupole interaction is always zero, and
ν
(1)
Q = ∆ν
(2)
Q = 0. This means that for
19F the NMR
frequency shift ∆f is caused entirely by the effects of
the Knight shift K, and we can readily invert Eq.(4) to
obtain K,
19K =
19f −19 fo
19fo
=
19∆f
19fo
=
19f
19γnBext
− 1. (5)
In other words, all one needs to do is: (a) measure the
19F NMR frequency 19f from our sample in a given ex-
ternal field Bext, and (b) calibrate the magnitude of Bext
(we use the proton NMR frequency in water for the cal-
ibration); then we obtain 19K from Eq.(5) without elab-
orate analysis. Additional major advantage of working
on I = 12 spins is that, when nuclear dipole-dipole inter-
actions are the primary cause of the distribution of the
NMR frequency f , the line width is very narrow. When
the line width is less than the r.f. bandwidth of our NMR
spectrometer, we can obtain the NMR lineshape very ac-
curately by taking a FFT of the spin echo signal.24
3. 19K in LaFeAsO0.9F0.1
In Fig.2, we show representative 19F NMR lineshapes
in LaFeAsO0.9F0.1 obtained by FFT of spin echo signals.
For these measurements, we mixed a finely ground poly-
crystalline sample with an appropriate amount of glue
with low viscocity (Stycast 1266), and cured the mixture
in a magnetic field of ∼ 8 Tesla in ambient tempera-
ture. Since the magnetic susceptibility of LaFeAsO0.9F0.1
has an anisotropy, χabbulk > χ
c
bulk(> 0), polycrystals ro-
tate in the magnetic field to minimize their energy. The
ab-plane tends to be aligned with the applied magnetic
field when the mixture solidifies. We inserted the aligned
polycrystalline sample in an NMR coil inside an exter-
nal magnetic field Bext, and conducted NMR measure-
ments. The vertical grey arrow in Fig.2 marks the bare
19F NMR frequency 19fo we would observe if there were
no hyperfine interactions. The actual peak of the line-
shape, 19f , is shifted to the higher frequency side. This
means that 19∆f > 0, and hence 19Kab > 0, where
the suffix ab means that the Knight shift is measured
along the crystal ab-plane. With decreasing tempera-
ture, the peak frequency 19f gradually approaches to-
ward 19fo, but
19f hardly changes below ∼ 50 K. That
is, 19Kab decreases with temperature, and levels off be-
low ∼ 50 K. We deduced the temperature dependence
of 19Kab from Eq.(5), and summarized the results in
Fig.3. The new results agree well with our earlier re-
sults obtained for an unaligned polycrystalline sample of
LaFeAsO0.89F0.11
21 within the overall experimental un-
certainties of ∼ 0.002 %. In what follows, we take the
sign of the hyperfine coupling as positive, 19Ahf > 0,
25
and 19Kchem ∼ 0.045 %.
26 19Ahf > 0 implies that χspin
decreases with temperature, and levels off below ∼ 50 K.
19Kchem ∼ 0.045 % implies that
19Kspin,ab, and hence
χspin = (NAV µB
19K)/19Ahf , decreases by a factor ∼ 2
from 300 K to Tc.
The observed temperature dependence of 19Kab leads
us to several conclusions. First, non-interacting or
weakly-interacting localized magnetic moments don’t ex-
ist in LaFeAsO0.9F0.1. Such localized moments would
result in a Curie-Weiss behavior of the Knight shift,
19Kspin ∼ C/(T − θ). Second, we find no evidence for
enhancement of ferromagnetic electron-electron correla-
tions toward Tc. Growth of ferromagnetic correlations
at q = 0 with decreasing temperature would manifest
itself in the growth of χspin, hence
19K. Our Knight
shift data rule out such a scenario. Third, with the aid
of our earlier results of the spin-lattice relaxation rate
19(1/T1T ) at
19F sites, we can also rule out a simple
picture that antiferromagnetic spin-spin correlations are
the primary cause of the decrease of χspin with temper-
ature.21 This point deserves additional explanation. If
short range antiferromagnetic correlations grow toward
a critical point with decreasing temperature in a conven-
tional sense, neighboring spins will try to point in op-
posite directions. Then the q = 0 mode of the spin sus-
ceptibility, χspin, would decrease when observed by low
frequency probes such as SQUID and NMR. Note that
χspin measures the tendency of all spins to point along
the same orientation uniformly (i.e. q = 0). However,
in such a conventional antiferromagnetic short range or-
der scenario, the spectral weight of the low frequency
antiferromagnetic spin fluctuations generally grows with
decreasing temperature too. This means that 19(1/T1T )
at 19F sites must increase with decreasing temperature.
On the contrary, 19(1/T1T ) at
19F sites shows the same
temperature dependence as 19K, and decreases with tem-
perature.21 Therefore antiferromagnetic short range or-
der alone can’t account for the observed decrease of 19K
and 19(1/T1T ) toward Tc. Antiferromagnetic correla-
tions may be certainly growing for high frequency/energy
modes, but such growth has to take place at the expense
of the loss of the low frequency spectral weight of the
spin-spin correlation function, S(q, f), toward Tc (i.e.
”total moment sum rule”). Analogous behavior was pre-
viously observed in the underdoped high Tc cuprates,
and is known as the pseudo-gap behavior. We emphasize
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that it was our 19F NMR measurements that first arrived
at this key conclusion of the pseudogap phenomenon in
iron-pnictide high Tc superconductors.
21
By fitting the temperature dependence of 19Kab to
19Kab = A+B × exp(−∆PG/kBT ), (6)
we may quantify the magnitude of the pseudo-gap as
∆PG/kB = 140 ± 20 K. This value is very close to
∆PG/kB = 172 K as estimated by the fit of
75(1/T1T )
at the 75As sites to an analogous formula.27 In passing,
we recently found that the pseudo-gap is much greater,
∆PG/kB = 560 K, in BaFe1.8Co0.2As2 (Tc = 22 K).
22
The origin of the leveling of χspin below ∼ 50 K is
not understood well at this time. As emphasized first by
Nakai et al. from the leveling of their 75(1/T1T ) data, the
q integral of low frequency spin fluctuations also levels
off below ∼ 50 K. In fact, our earlier data of 19(1/T1T )
at 19F sites also levels off below ∼ 50 K, although we
didn’t emphasize it.21 In canonical Fermi-liquid systems
(such as simple Cu metal etc.), quite generally10
Kspin ∝ AhfN(EF ), (7)
1/T1T ∝ (AhfN(EF ))
2, (8)
1/T1T (Kspin)
2 = constant, (9)
where N(EF ) is the density of states at the Fermi en-
ergy. Eq.(9) is the celebrated Korringa relation, and is
often used as a criterion for establishing the canonical
Fermi-liquid behavior of strongly correlated electron sys-
tems. In the present case, the Korringa relation certainly
holds below ∼ 50 K, because both Kspin and 1/T1T be-
come constant. But it is important to realize that the
temperature independence of Kspin and 1/T1T does not
necessarily prove that FeAs layers cross over to a canon-
ical Fermi-liquid regime below ∼ 50 K. In Fig.4, we
present the temperature dependence of resistivity ρ of the
same sample used for NMR measurements. If a canoni-
cal Fermi-liquid picture is valid below ∼ 50 K, we expect
to observe another signature of Fermi-liquid, ρ ∝ T 2.
However, our resistivity data does not satisfy the T 2 law
below ∼ 50 K. Since the crossover to a χspin = constant
takes place right above Tc, the power-law fit of ρ in the
narrow temperature range is dicey and somewhat incon-
clusive. In a recent study of a single crystalline sample
of BaFe1.8Co0.2As2 (Tc = 22 K), we also demonstrated
that Kspin ∼ constant and 1/T1T ∼ constant hold in
a much broader temperature range below ∼ 100 K.22 In
that case, we found ρ ∝ T n with n ∼ 1 in the same low
temperature regime above Tc.
7
4. 75As NMR lineshape and 75K
In this section, we will provide a brief account of how
the Knight shift is usually measured for I 6= 12 quadrupo-
lar nuclei using 75As as an example. In Fig.5, we show
a field-swept 75As NMR lineshape for all three permis-
sible transitions: the Iz = −
1
2 to +
1
2 central transition
near Bext ∼ 7.5 Tesla, and Iz = ±
1
2 to ±
3
2 satellite tran-
sitions near 8.2 and 6.8 Tesla. Note that the horizontal
axis is inverted, so that the NMR signals with positive
frequency shift ∆f appear on the right hand side. The
first order quadrupole term ν
(1)
Q (>> ∆ν
(2)
Q ) has null con-
tribution to the central transition, but shifts the satellite
transitions by a large amount,23
∆f center = KγnBext +∆ν
(2)
Q , (10)
∆f satellite ∼ KγnBext ± ν
(1)
Q , (11)
and ν
(1)
Q ∼
75 νNQR/2, where
75νNQR ∼ 11 MHz is the
75As NQR frequency.30 Since we measured the lineshape
while sweeping Bext, the quadrupole split between two
satellite transitions should be given by 2ν
(1)
Q /
75γn ∼
11/7.2919 ∼ 1.5 Tesla, in good agreement with the ex-
perimentally observed split (8.2− 6.8) ∼ 1.4 Tesla.
The inset of Fig.5 shows the central transition of the
unaligned and aligned polycrystalline samples measured
in the same condition. Since the nuclear quadrupole
interaction affects the central transition only through
the second order perturbation term ∆ν
(2)
Q , the observed
linewidth is narrower than that of satellite transitions.
Thus the central transition is better suited for our pur-
pose of Knight shift measurements. For the unaligned
sample, the polar angle dependence of the second or-
der term ∆ν
(2)
Q (θ, φ,Bext) results in the broad ”double-
horn” lineshape.23 For the aligned polycrystals, we ob-
serve a pronounced peak near the low field edge Bext ∼
7.45 Tesla, because the main principal axis of the EFG
tensor points along the crystal c-axis, hence θ ∼ pi/2 for
aligned crystallites. The lower field edge corresponds to
θ ∼ pi/2. The small tail of the spectrum toward higher
magnetic field values is due to crystallites that failed to
align when cured in Stycast 1266.
Our task is to measure the 75As Knight shift 75Kab
from accurate measurement of the central peak position
near 7.45 Tesla. In order to determine 75Kab from the
central transition, we need to subtract the contribution
of ∆ν
(2)
Q in Eq.(10). A major challenge here is that, ∆ν
(2)
Q
is much greater than KγnBext in Eq.(10). This means
that a small error in estimating the ∆ν
(2)
Q term leads to
a large error of 75Kab. By far the most reliable method
to separate the effects of ∆ν
(2)
Q accurately is to mea-
sure the field dependence of the apparent Knight shift,
∆f/fo in different magnetic fields Bext, and utilize the
fact that ∆f/fo = K +∆ν
(2)
Q /Bext → K in the limit of
large Bext.
29 Since ∆ν
(2)
Q ∝ 1/Bext, a plot of ∆f/fo as
a function of 1/B2ext becomes a straight line, as shown
in Fig.6. By extrapolating the linear fit to the large field
limit 1/B2ext → 0, we obtain K = 0.14% at 77 K. In
practice, since 75Kab is very small in the present case,
we needed to carry out FFT measurements of the cen-
tral peak shift 75∆f center to achieve high precision, as
shown in the inset of Fig.6.
The advantage of this approach is that we don’t need
to know the details of the polar angle dependence of the
EFG tensor; without making any assumptions on ∆ν
(2)
Q ,
one can experimentally deduce 75Kab. Alternatively, one
can try to simulate the whole central transition30 by
choosing both the ∆ν
(2)
Q and the Knight shift tensors
as free parameters in the entire polar angle phase space.
J. Phys. Soc. Jpn. Full Paper Author Name 5
However, this approach is known to be less accurate un-
less the Knight shift tensor is isotropic and the nuclear
quadrupole interaction has very little distribution in its
magnitude. Neither of these conditions are satisfied in
the present case.
The temperature dependence of 75Kab in the aligned
polycrystalline sample is compared with that of 19Kab in
Fig.3. The agreement in temperature dependence is sat-
isfactory. A bonus of 75Kab measurements is that, since
the hyperfine coupling is already estimated as 75Ahf,ab ∼
2.6 Tesla/µB,
28 we can estiamate the magnitude of spin
susceptibility χspin using Eq.(3). The conversion of
75Kab
to χspin is shown in Fig.3: ∆
75Kab = 0.048 % trans-
lates to ∆χspin = 1 × 10
−4 emu/mol-Fe. At room tem-
perature, we estimate the magnitude of spin susceptibil-
ity χspin ∼ 1.8 × 10
−4 emu/mol-Fe for LaFeAsO0.9F0.1.
This magnitude is about factor two larger than high
Tc cuprate superconductor, χspin ∼ 1 × 10
−4 emu/mol-
Cu.11
5. Summary
It is usually very difficult to nail down the intrinsic
temperature dependence of χspin convincingly in corre-
lated electron superconductors based on SQUID mea-
surements alone. This is in part because the large ef-
fects of superconducting diamagnetism below Tc pre-
vent us from estimating the Curie contributions from
defects and impurities. The advantage of the NMR ap-
proach is that nuclear spins can probe the local elec-
tronic properties without these extrinsic contributions.
From the 19F and 75As NMR measurements, we showed
that χspin in LaFeAsO0.9F0.1 decreases with tempera-
ture, and levels off below ∼ 50 K. We also estimated
the pseudo-gap ∆PG/kB ∼ 140 K. At room tempera-
ture, χspin ∼ 1.8 × 10
−4 emu/mol-Fe is comparable in
magnitude as that of high Tc cuprates. We note that
BaFe1.8Co0.2As2 shows qualitatively the same behavior
with much larger pseudo-gap ∆PG/kB ∼ 560 K, and the
electronic crossover to a χspin = constant regime with
decreasing temperature appears to be a generic property
shared by various iron-pnictide superconductors. Instead
of concluding, we point out two major open questions.
First, what is the mechanism of the pseudo-gap phe-
nomenon? Second, what is the nature of the electronic
state in the low temperature regime χspin = constant?
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Figure Captions
Fig.1
The crystal structure of LaFeAsO0.9F0.1. Fe atoms
form a square-lattice within the ab-plane. F atoms are
located directly above/below Fe, while As atoms are
located above/below the center of a square formed by Fe.
Fig.2
19F NMR lineshapes of ab-plane aligned polycrystalline
sample of LaFeAsO0.9F0.1 at 290 K (top), 185 K, 80 K,
50 K, and 30 K (bottom). All lineshapes were obtained
by FFT of spin echo signals in Bext ∼ 2.408 Tesla.
For clarity, results above 30K are shifted vertically.
Gray dashed arrow and red arrow mark the unshifted
frequency 19fo = 0 where
19Kab = 0, and the peak
frequency 19f at 30 K, respectively.
Fig.3
Left axis: 19F NMR Knight shift 19Kab (red bullets)
measured for ab-plane aligned polycrystalline sample
of LaFeAsO0.9F0.1 (Tc ∼ 27 K). Right axis:
75As NMR
Knight shift 75Kab measured for the same sample (blue
open squares). The dashed line shows the contribution
of the chemical shift 19Kchem ∼ 0.045 %, or equivalently,
75Kchem . 0.1 %. The red curve is the fit to Eq. (6)
with ∆PG/kB = 140 K. Conversion to χspin is also
shown (see section 4).
Fig.4
Resistivity measured for a sintered pellet of
LaFeAsO0.9F0.1. The sample is from the same batch
of polycrystals used for NMR. The inset shows the
deviation from the ρ ∝ T 2 law below ∼ 50 K.
Fig.5
(Color On-line) Main panel: Field swept 75As NMR
lineshape of aligned polycrystals of LaFeAsO0.9F0.1 with
Bext// ab-plane. The main peak at ∼ 7.5 Tesla is from
the Iz = −
1
2 to +
1
2 central transition. The dashed grey
arrow marks the central peak position in the absence of
hyperfine interactions. Inset: the same central transition
in an enlarged scale (red). The blue dashed line is the
lineshape for an unaligned polycrystalline sample from
the same batch.
Fig.6
(Color On-line) (a) FFT lineshape of the 75As cen-
tral transition obtained at Bext ∼ 7.45 Tesla and
f = 54.763 MHz. (b) Apparent NMR Knight shift
75∆f/75fo measured as a function of 1/(Bext)
2. Linear
extrapolation to 1/(Bext)
2 = 0 gives the actual Knight
shift 75Kab. Notice that the second order contribution
of the nuclear quadrupole interaction, ∆ν
(2)
Q , is the
dominant cause of the NMR frequency shift 75∆f for
typical magnetic field values of Bext ∼ 7.45 Tesla, and
75Kab is only a minor contribution. The dominance of
∆ν
(2)
Q makes accurate measurements of
75Kab tricky.
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